Immunoglobulin/fibronectin type Ill-like cell adhesion molecules have been implicated in axon pathfinding based on their expression pattern in the developing nervous system and on their complex interactions described in vitro. The present in vivo study demonstrates that interactions by two of these molecules, axonin-1 on commissural growth cones and Nr-CAM on floor plate cells, are required for accurate pathfinding at the midline. When axonin-1 or Nr-CAM interactions were perturbed, many commissural axons failed to cross the midline and turned instead along the ipsilateral floor plate border. In contrast, though perturbation of Ng-CAM produced a defasciculation of the commissural neurites, it did not affect their guidance across the floor plate.
Introduction
A crucial step during the development of the nervous system is the correct establishment of connections between neurons and their targets. Interest in the mechanisms that allow growth cones to navigate through tissue and to recognize their target sites has led to the discovery of specific guidance cues that are presented by the environment to the elongating neurite (reviewed in Goodman and Shatz, 1993; Hynes and Lander, 1992) . These cues can be either soluble molecules secreted by the target cells that attract or repel the growth cones of specific neuronal subpopulations (Placzek et al., 1990b; Luo et al., 1993) or membranebound proteins providing local guideposts for approaching growth cones (Jessell, 1988) .
The commissural neurons of the vertebrate spinal cord appear to utilize both classes of guidance cues. Axons from these neurons, which are located in the dorsal region of the spinal cord close to the dorsal root entry zone, are attracted toward the floor plate in response to a chemotropic signal emanating from it (Tessier-Lavigne et al., 1988; Placzek et al., 1990a Placzek et al., , 1990b . In the chick this floor plate chemoattractant has recently been characterized as a 78 kDa protein called netrin-1 Serafini et al., 1994) . However, upon reaching the floor plate, the behavior of the com m issural axons strongly suggests that they are now being guided by local interactions with the floor plate cells. They turn abruptly toward and grow into the floor plate, cross the midline, and then turn rostrally into the longitudinal axis by tightly fasciculating along the contralateral border of the floor plate (Bovolenta and Dodd, 1990; see Colamarino and Tessier-Lavigne, 1995 , for a general review). Also consistent with local interactions between axons and floor plate cells are the errors in commissural neuron projections observed in mouse (Bovolenta and Dodd, 1991) , Xenopus laevis (Clarke et al., 1991) , and zebrafish (Bernhardt et al., 1992a (Bernhardt et al., , 1992b Hatta, 1992) , which lack floor plates. In the Danforth shorttail mouse mutant, many commissural axons cross the midline but then continue to grow circumferentially or else project ventrally out of the spinal cord. They thus fail to turn into the longitudinal axis. In contrast, in zebrafish and Xenopus, the axons turn into the longitudinal axis but often fail to make correct rostral versus caudal choices or cross the midline repeatedly. It is unclear whether these different responses are due to species-specific diversity in commissural neuron populations, or whether the importance of the floor plate in axon guidance differs between cold-and warm-blooded vertebrates. Although a direct interaction of commissural axons with floor plate cells appears to be important in warm-blooded vertebrates, the molecules involved in these interactions have not yet been identified.
Cell adhesion molecules (CAMs), which include the Ca2+-dependent cadherins (Ranscht, 1991) , the integrins (Reichardt and Tomaselli, 1991) , and the immunoglobulin/ fibronectin type Ill (Ig/FNIII) molecules (Rathjen and Jessell, 1991; Sonderegger and Rathjen, 1992) , are good candidates for providing the localized and specific guidance cues required by elongating neurites (Rathjen and Jessell, 1991; Hynes and Lander, 1992) . The Ig/FNIIl-like class of molecules, named for their common structural domains (Williams and Barclay, 1988) , have been studied intensively during the past several years with respect to their ability to promote neurite outgrowth (Rathjen, 1991) , their involvement in fasciculation (Rathjen and Jessell, 1991) , and their ability to mediate specific cell adhesion (Friedlander et al., 1989; Bieber, 1991) . Several molecules of this class are expressed in the commissural system of the chicken em bryo at the time when commissural growth cones are making pathfinding decisions: Ng-CAM and axonin-t (this paper; Shiga and Oppenheim, 1991; Shiga et al., 1990) are both expressed on the commissural axons, and Nr-CAM/Bravo (de la Rosa et al., 1990; Grumet et al., 1991) is expressed by the floor plate cells (Krushel et al., 1993; Denburg et al., 1995) . In the rat, it has been suggested that a switch in expression from TAG-1 (the rat homolog of axonin-1) ipsilaterally to L1 (a molecule related to chicken Ng-CAM) contralaterally may allow the commissural axons to respond differently on each side of the floor plate, letting them turn only after they have crossed the midline ).
An intriguing property of the Ig/FNIII family is their complex binding pattern, which is thought to be important for their function in growth cone guidance and cell-cell recognition. In addition to homophilic interactions (Ng-CAMNg-CAM: Lemmon et al., 1989; axonin-l-axonin-l: Rader et al., 1993) , several heterophilic interactions have been demonstrated in vitro. Axonin-1 has been shown to bind to Ng-CAM . In this preparation, the commissural axons elongating along the contralateral floor plate border can be followed over some distance compared with transverse sections, in which the fibers leave the plane of the section upon turning into the longitudinal axis.
al., 1993), and restrictin (Br0mmendorf et al., 1993) . Based on in vitro studies, these combinatorial possibilities have been suggested to play a role in pathfinding and growth cone guidance. However, little is known about the role actually played by these molecules in axon guidance in vivo.
Recently, the role of CAMs in motor axon guidance has been studied in the chick through direct perturbation of the function of these molecules by injection of antibodies or an endosialidase into the developing embryo (Tang.et al., 1994) . It was shown that modulation of Ng-CAMmediated motor axon fasciculation by polysialic acid was required for proper targeting of motor axons. We have used a similar approach to study commissural pathfinding and to show that two of the Ig/FNIll-type molecules, axonin-1 and Nr-CAM, play a role in growth cone guidance of the commissural neurons. Specifically, it appears that an interaction between axonin-1 on commissural growth cones and Nr-CAM on the floor plate is required for commissural neurons to cross the floor plate and project rostrally along the contralateral border. Interfering with this interaction resulted in numerous pathfinding errors, with many axons turning erroneously on the ipsilateral side. Interfering with axonin-1 or Ng-CAM resulted in a defasciculation of commissural neurites both before and after crossing the floor plate. However, the defasciculation caused by anti-Ng-CAM antibody injection did not produce pathfinding errors.
Results

Temporal and Spatial Pattern of Commissural Neurite Outgrowth in the Chick Lumbosacral Spinal Cord
Commissural axon outgrowth has been described earlier in both the rat (Bovolenta and Dodd, 1990 ) and the chick (Oppenheim et al., 1988; Yagin urea et al., 1991) . However, since the studies in the chick dealt with multiple classes of commissural neurons and the timing of outgrowth varies with the specific levels of the spinal cord, we first describe the pattern and timing of outgrowth of the population of commissural neurons that we analyzed in this study. Our analysis was restricted to the lumbosacral level of the spinal cord and the population of commissural neurons located in the dorsal region of the spinal cord close to the dorsal root entry zone (see Figure 1 ). These neurons project ventromedially in a relatively compact bundle toward the floor plate, cross the floor plate, and then turn rostrally, forming a tight fascicle immediately adjacent ~.o the contralateral border of the floor plate. The trajectory taken by these neurons was determined by orthograde Dil labeling and immunohistochemical staining of frozen sections (see Experimental Procedures for details).
At the lumbosacral level of the developing chick spinal cord, the first commissural neurites, the so-called pioneer fibers, elongate circumferentially along the lateral border of the spinal cord at stage 20 (Hamburger and Hamilton, 1951 ) (Figul'e la, dashed line; Figures 2e and 2f, arrows), whereas later-generated fibers project ventromedially, leaving the lateral border just dorsal to the developing To stain all neurites in the developing cord, monoclonal antibodies against neurofilament proteins (RMO270 and 1E9) were used (a, d, g, and k). At stage 19, the first commissural neurons starting to extend axons could be found, stained with 1E9 (a, arrowhead). At this time the neurons also expressed axonin-1 (b, arrowhead). These earliest neurites did not stain with anti-Ng-CAM antibodies (c); however, Ng-CAM was expressed by the lateral motoneurons and their fibers leaving the cord by the ventral roots (star). (d-f) Stage 20: Only a few hours later, the commissural neurites, stained with RMO270 (d), had grown considerably toward the floor plate, but had not yet contacted it. By this time, both axonin-1 (e) and Ng-CAM (f) were expressed on the commissural axons (arrows). (g-i) Stage 23: At this stage, when the majority of the commissural axons had reached the floor plate and were crossing the midline (g; stained with 1E9), the expression of axonin-1 (h) and Ng-CAM (i) continued to be high (arrows). Between stages 23 and 25, motoneurons transiently expressed axonin-1 (h and I, stars), whereas they expressed Ng-CAM through all the stages shown (c, f, i, and m, stars). The upper arrows in (h) and (i) mark the point at which the commissural axons leave the spinal cord border to project medially to the lateral motor column. No cross-reactivity with Ng-CAM could be detected (lane 2). As described previously , only a small amount of GPl-linked axonin-1 can be found in the membrane fraction of E11-E14 brains (lane 3). IgG from the rabbit serum against Ng-CAM did not cross-react with axonin-1 (lane 4) but bound strongly to affinity-purified Ng-CAM (lane 5) and Ng-CAM from the brain membranes (lane 6). The rabbit serum against Nr-CAM did not bind to axonin-1 (lane 7) or Ng-CAM (lane 8) but reacted strongly with Nr-CAM from the brain membranes (lane 9), recognizing the a chain with a molecular weight of 140 kDa and the 1~ chain of 60-80 kDa (Kayyem et al., 1992) . Oppenheim et al., 1988) . We have found that only a small minority of fibers project circumferentially, and already at stage 20, some commissural growth cones could be seen taking the trajectory medial to the lateral motor column, the pathway of the vast majority. Via Dil labeling we observed the first commissural neurites at stage 20 (data not shown). By stage 24, all commissural neurites appeared to have crossed the midline, since growth cones could no longer be detected on the ipsilateral side or within the floor plate. This coincides with the time course of commissural development found by staining frozen sections of the lumbosacral region with anti-neurofilament antibodies (Figures 2a, 2d, 2g, and 2k In the rat spinal cord, Dodd and her colleagues reported that commissural fibers express TAG-1 (the rat homolog of axonin-1) only during their ipsilateral trajectory and prior to contacting the floor plate. In contrast, L1 is expressed only after the axons cross the floor plate (Dodd and Jesse,, 1988; (Figure 2h ), coinciding with the time during which the majority of commissural axons reach the floor plate and cross the midline. After crossing the midline, commissural axons continued to express axonin-1, since axonin-1 staining could be observed in the contralateral longitudinal fiber tract in obliquely cut vibratome sections (data not shown). However, axonin-1 expression was subsequently downregulated and had already declined substantially by stage Note the tight fasciculation of commissural axons along the contralateral floor plate border (c) and the compact bundle formed by the neurites approaching the floor plate ipsilaterally (a and b, arrowheads). In embryos that had repeatedly been injected with Fab fragments of anti-axonin-1 antibodies (d-f), a proportion of commissural axons failed to cross the floor plate and turned instead along the ipsilateral border (arrows). Because fibers elongating along the floor plate could be followed over some distance in the open book preparations, pathfinding errors were very easily detected (f, arrow). The path of the neurites projecting toward the floor plate was much wider (compare the distance between the arrowheads in [e] with that of the control Jb]), and fibers projecting rostrally along the floor plate border (f) were not as tightly fasciculated as in the control (c).
The injection of anti-Ng-CAM antibodies (g-i) resulted in a dramatic defasciculation of the commissural neurites projecting to the floor plate (h, arrowheads) and along the floor plate border (i), but did not result in pathfinding errors. Although some fibers arrived at the ventral border more laterally than usual, they still managed to grow across the midline (h, open arrow) . In the open book preparation, it can be seen that no fibers extended along the ipsilateral floor plate border (i). The effect of soluble axonin-1 injected into the developing spinal cord (k-m) was even more dramatic than the treatment with anti-axonin-1 antibodies. Up to 50% of the fibers turned along the ipsilateral border of the floor plate (k-m, arrows). The neurites were defasciculated on their way toward the floor plate (k, arrowheads) and on both sides of the floor plate (m). Bars, 100 p~m (k), 50 p.m (I and m); panels in the same column are shown at the same magnification.
(Figure 21
). Ng-CAM was strongly expressed by commissural axons from stage 20 until stage 25, the latest stage shown (Figures 2f, 2i, and 2m) . The expression of Ng-CAM by chick commissural neurites before contact with the floor plate has been described previously (Shiga and Oppenheim, 1991) . Ng-CAM was also strongly expressed by axons in the longitudinal tracts along the ventral border of the spinal cord (Figures 2i and 2m In summary, in the chick, axonin-1 and Ng-CAM were expressed on commissural neurites both before and after they crossed the floor plate.
Axonin-1 and Ng-CAM Play Different Roles in Commissural Growth Cone Guidance and Fasciculation
To test for a functional involvement of axonin-1 and Ng-CAM in the development of the commissural neurites, we perturbed their interactions by injection of antibodies against axonin-1 or Ng-CAM into the spinal cord of the developing chicken embryo in ovo (see Experimental Procedures for details). The embryos were injected repeatedly every 8-12 hr during the time period of commissural axonogenesis (stages 17-24). Repeated injections were required to maintain an adequate concentration of antibodies throughout the 2 day period before the embryos were sacrificed and analyzed for changes in the development of the commissural neurons (see Experimental Procedures for details).
Since all the molecules we wished to perturb by antibody injection belong to the Ig/FNIII subgroup of CAMs, it was necessary to show the specificity of the antibodies used for injection. The immunoblot in Figure 3 shows that the anti-axonin-1, anti-Ng-CAM, and anti-Nr-CAM antibodies used each reacted with the molecule against which they were directed and did not cross-react with either of the other two proteins (see figure legend for additional details).
To assess the appropriateness of pathway choices, the trajectory of the commissural axons was traced in vibratome sections of the lumbosacral level of the spinal cord with injections of Dil or DiASP in the region of the cell bodies. In control embryos, either noninjected or those injected with nonimmune IgG (e.g., Figures 4a-4c ), the commissural axons form a discrete bundle that becomes more comPact as the axons approach the floor plate (Figures 4a and 4b ). All axons turn and cross the floor plate, virtually none projecting ipsilaterally. This behavior is also apparent in the "open book" preparation shown in Figure  4c , in which all Dil-labeled axons can be seen to cross the floor plate and then turn rostrally, forming a tight bundle along the contralateral border of the floor plate. Similar behavior has been described previously in the rat (Bovolenta and Dodd, 1990) .
Following injection of anti-axonin-1 antibodies, several alterations in commissural trajectories were noted. First, although all axons still grew ventrally toward the floor plate, they appeared to grow in a more defasciculated manner and occupied a greater proportion of the ipsilateral spinal cord. This can be appreciated by comparing the width of the population trajectory at the position of the arrowheads in Figures 4b and 4e . This defasciculated or looser growth pattern was also apparent in the contralateral longitudinal fascicle (Figure 40 when compared with the control (Figure  4c) . Second, and of greater interest, pathfinding errors also occurred, with a substantial proportion of commissural axons failing to cross the midline and forming instead a longitudinal fiber tract along the ipsilateral border of the floor plate (Figure 4f, arrow) . Such ipsilaterally projecting fibers were also obvious in transverse sections (Figure 4e, arrow) , in which they deviated upon reaching the ipsilateral border of the wedge-shaped floor plate. However, since upon turning into the longitudinal axis they immediately left the focal plane, it was easier to follow these fibers over longer distances in the open book preparation.
Interfering with Ng-CAM by injections of anti-Ng-CAM antibodies also resulted in defasciculation of both the fibers approaching the floor plate and the commissural neurites turning along the contralateral border (Figures 4g-4i ). However, in contrast to the results with anti-axonin-1, almost all of the fibers still crossed to the contralateral side, including those that approached the floor plate from a much more lateral position (Figures 4g and 4h , open arrow). Thus, pathway errors were very rare.
An additional means of perturbing axonin-1 function was possible owing to its natural occurrence as a soluble molecule in addition to its GPl-linked, membrane-bound form (Ruegg et al., 1989b; Stoeckli et al., 1989 Stoeckli et al., , 1991 . This dualistic nature of axonin-1 offered the possibility to alter its function by changing the ratio between the soluble and membrane-bound forms via injection of purified soluble axonin-1 into the spinal cord. An excess of soluble axonin-1 would be expected to compete for receptor sites with membranebound axonin-1, providing an additional means of interfering with both homo-and heterophilic interactions of axonin-l.
The injection of purified soluble axonin-1 into the spinal cord in ovo resulted in dramatic effects on the pathfinding behavior of the commissural axons (Figures 4k-4m ). Up to 50% of the neurites failed to cross the floor plate and instead turned along the ipsilateral border (Figure 4m ). The effect of soluble axonin-1 was much greater than that of the antibody treatment (see Table 1 ). Because the addition of soluble axonin-1 to the medium of dorsal root ganglion explants resulted in defasciculation of the neurites in vitro , we expected a defasciculation of the commissural neurites after injection of soluble axonin-1 into the spinal cord in vivo, mimicking the effect found after treatment with anti-axonin-1 antibodies. This was observed, and once again the effect of soluble axonin-1 was greater than that of the antibody treatment (see Figure 6 ), In summary, these observations provide evidence that axonin-1 is involved in both the fasciculation of the commissural neurites and their guidance across the midline in the floor plate. The previously described heterophilic interactions between axonin-1 and Ng-CAM Stoeckli et al., submitted) could contribute to commissural fasciculation, as could homophilic Ng-CAM inter- actions. However, since Ng-CAM perturbation with antiNg-CAM antibodies did not result in pathfinding errors, defasciculation of the commissural axons was not responsible for their failure to cross the floor plate. Therefore, axonin-1 must be interacting with at least one additional CAM expressed by the floor plate cells, which would act as a receptor for axonin-1 in the guidance of the commissural neurons across the floor plate.
Interfering with Nr-CAM/Bravo Produces the Same Errors in Commissural Pathfinding as Interfering with Axonin-1
Although axonin-1 is known to bind homophilically in vitro (Rader et al., 1993) , the pathfinding errors found after perturbation of axonin-1 ir~teractions with both soluble axonin-1 and Fab fragments of anti-axonin-1 antibodies cannot be explained by homophilic axonin-l-axonin-1 binding, since axonin-1 is not expressed by the floor plate cells.
To identify a heterophilic receptor for axonin-1 involved in the guidance of the commissural growth cones across the midline, we considered Ig/FNIII family members expressed in the floor plate during early spinal cord development. Among the possible candidates, Nr-CAM/Bravo (de la Rosa et al., 1990; Grumet et al., 1991; Krushel et al., 1993) seemed most promising since in vitro experiments have revealed a direct molecular interaction between axonin-1 and Nr-CAM/Bravo (Suter et al., submitted). Although Nr-CAM/Bravo was expressed at low levels in many cells in the spinal cord, it was strongly expressed by the floor plate cells, especially in their ventral portion, during the stages when commissural growth cones approach the floor plate, make contact with the floor plate cells, and cross the midline (Figures 5a-5c, arrows) . Interestingly, Denburg et al. (1995) 
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(o3) (6) (i 8) (Figures 5d-5f) . A considerable number of fibers can be seen to turn along the ipsilateral border of the floor plate (arrows) in both transverse vibratome sections (Figures  5d and 5e ) and open book preparations (Figure 5f ). In contrast to the pathfinding effects, the influence of anti-N r-CAM antibodies on the fasciculation of the commissural axons was time dependent (Figure 6 ). Consistent with the late onset of Nr-CAM expression on the commissural axons, the effect was apparent only if the embryos were sacrificed later than stage 25.
Quantification of the Effect of CAM Perturbations on Pathfinding and Fasciculation of the Commissural Axons
The results described above represent the most common pathfinding errors found after perturbation of axonin-1 or Nr-CAM interactions. In addition, we occasionally noticed types of errors similar to those described in mice lacking the floor plate (Bovolenta and Dodd, 1991) . Some axons failed to turn and instead continued to project circumferentially. Other axons appeared to grow dorsally back up the commissural fibers that were approaching the floor plate from the contralateral side. Nevertheless, the vast majority of errors were fibers that failed to cross the midline and instead turned ipsilaterally. Although we did not study growth cone morphology in detail, we did notice that growth cones tended to pile up on the ipsilateral border of the floor plate in axonin-1-or Nr-CAM-perturbed embryos, suggesting that they may be delayed there for some time prior to making the erroneous turn. It was not possible with available techniques to count the number of fibers and calculate the proportion of those misprojecting, but we attempted to quantitate both the projection errors and the defasciculation produced by CAM perturbation.
To assess the proportion of fibers turning along the ipsilateral border of the floor plate instead of crossing the midline, dye-injected open book preparations were used to estimate the proportion of fibers in the ipsilateral versus contralateral fiber tract. Since these open book preparations allow axons to be followed for some distance, these were more suitable for scoring the extent of projection errors than the transverse vibratome sections. The quantitation of pathfinding errors using the open book preparations is shown in Table 1 . The results are divided into three classes: no pathfinding errors (<1%), 1%-20% misprojecting fibers, and >20% misprojecting fibers. In transverse sections, misprojecting fibers turning along the ipsilateral floor plate border immediately leave the plane of the section. For this reason, misprojecting fibers are more difficult to detect, resulting in an underestimation of both the occurrence and proportion of pathfinding errors. The analysis of the transverse vibratome sections was recorded in two classes only, embryos with and without pathfinding errors.
In the last column of Table 1 , we list the proportion of all embryos with pathfinding errors from the analysis of both open book preparations and transverse sections combined. Of the 28 embryos in which axonin-1 interactions had been perturbed, 25 showed pathfinding errors. The injection of purified soluble axonin-1 caused quantitatively more severe effects, with 4 out of 5 embryos showing >20% fibers turning ipsilaterally compared with 1 out of 3 for anti-axonin-1 treatment (Table 1) . Interfering with Nr-CAM interactions resulted in pathfinding errors in 12 out of 13 embryos. Evidence for erroneous turns along the ipsilateral border of the floor plate was found in only 1 embryo injected with anti-Ng-CAM antibodies and in 1 injected with transferrin. In both cases the proportion of rnisprojecting fibers was small. In none of the embryos treated with nonimmune Fab fragments and in none of the un- treated control embryos were any pathfinding errors detected (Table 1) . Soluble axonin-1 had a greater effect on pathfinding of the commissural axons than anti-axonin-1 or anti-Nr-CAM antibodies. Since interactions between CAMs are weak compared with interactions between antibodies and their antigens, one might expect the opposite assuming that a stronger interaction would result in a more effective perturbation. This was not the case. A conceivable explanation for our finding is the capability of soluble axonin-1 to act on both the floor plate and the commissural growth cone simultaneously. Soluble axonin-1 can disrupt an axonin-1-Nr-CAM interaction by binding to both axonin-1 (Rader et al., 1993) and Nr-CAM (Suter et al., submitted), whereas both anti-axonin-1 and anti-Nr-CAM only interfere with one binding partner. Thus, the injection of soluble axonin-1 could result in a more effective interference with axonin-1-Nr-CAM interactions. Furthermore, soluble axonin-1 would also prevent interactions with other not yet identified binding partners of both axonin-1 a~d Nr-CAM, which would still be possible for the CAM not bound by the type of antibody injected.
The effect of treatments on the defasciculation of the commissural neurites was assessed in transverse vibratome sections (see Experimental Procedures for details) by measuring the width of the bundle of commissural neurites as they approached the floor plate. To correct for changes in width of the spinal cord, the scores are given as ratios between the width of the commissural trajectory and the width of the ipsilateral spinal cord (Figure 6 ). The large sample sizes compensated for slight differences in the dye volumes injected.
The apparent defasciculation of the commissural neurites was most dramatic in embryos treated with soluble axonin-1 (0.32) and anti-Ng-CAM Fab fragments (0.30). The influence of anti-axonin-1 injection (0.29) was slightly less than that for soluble axonin-1. Consistent with the late onset of Nr-CAM expression on the commissural neurons, the effect of anti-Nr-CAM injection on defasciculation of the neurites was not different from that of controls if the embryos were sacrificed before or at stage 25 (0.19). However, if embryos sacrificed up to stage 26 were analyzed, the width of their fiber tracts after anti-Nr-CAM injection was significantly different from that of control embryos (0.26; p < .001). Control injections of transferrin or nonimmune Fab fragments did not result in changes compared with untreated embryos (Figure 6 ).
Perturbation of Axonin-1 and Nr-CAM Function Also Affects the Correct Rostral Turning of the Commissural Axons along the Floor Plate Border
In control embryos all commissural axons cross the floor plate at a right angle and then execute a sharp turn rostrally (see Figure 4c ). This rostral turn occurs with great fidelity. We have never observed axons in control embryos turning caudally, consistent with previous observations of this type of commissural neuron in chick and rat (Bovolenta and Dodd, 1990) . However, in experimental embryos in which the function of either axonin-1 or Nr-CAM was perturbed, we observed some axons turning caudally (Figu re 7). Rostrocaudal errors occurred on both the ipsilaterat and contralateral sides of the floor plate. While such errors were not a rare occurrence, the labeling of large numbers of axons at multiple injection sites in many of our preparations made it difficult to follow single axon trajectories, and thus it was impossible to provide a quantitative estimate of the frequency of their occurrence.
Discussion
Members of the Ig/FNIII Family of CAMs Play Different Roles in Pathfinding In Vivo
The commissural neurons represent an interesting model system for studying axon guidance, since they make use of multiple guidance mechanisms in forming their appropriate trajectory. In the rat (Tessier-Lavigne et al., 1988; Placzek et al., 1990a) , and presumably in the chick (Placzek et al., 1990b; , commissural axons are first attracted to the floor plate by responding to a long-range chemoattractant recently identified as netrin-1 by M. Tessier-Lavigne and his colleagues Serafini et al., 1994) . How- Figure 7 . Perturbation of Axonin-1 and Nr-CAM Interactions Also Resulted in Rostrocaudal Projection Errors Some commissural axons in an embryo injected with purified soluble axonin-1 turned caudally (c) (arrows) along both the ipsilateral and the contralateral borders of the floor plate. Neurites elongating in the correct rostral direction (r) but on the ipsilateral side are marked with open arrows. In control embryos, commissural axons exclusively turned rostrally along the contralateral floor plate border. While the vast majority of axons that made erroneous turns appeared to do so at the ipsilateral floor plate border, in some cases in both axonin-1-and anti-Nr-CAM-treated embryos, a small number of axons appeared to turn within the floor plate itself (as seen in the example shown). However, owing to the thickness of the whole mounts, which resulted in axons in many different focal planes, and to the geometry of the floor plate, it was difficult to define precisely the trajectory of individual axons with respect to the floor plate boundary.
ever, more pathway-specific guidance cues are required to define the trajectory across the midline and into the longitudinal axis. These cues are likely to originate from direct contact with the floor plate cells, since pathfinding errors have been observed in animals lacking a floor plate (Bovolenta and Dodd, 1991; Clarke et al., 1991; Bernhardt et al., 1992a Bernhardt et al., , 1992b Hatta, 1992) . In addition, detailed observations have shown that rat commissural growth cones alter their morphology upon contacting the ipsilateral border of the floor plate, and again as they leave the floor plate, where they execute a 90 ° turn and grow rostrally in close contact with the contralateral floor plate border (Bovolenta and Dodd, 1990 ). These observations strongly suggest that direct, contact-mediated signals between the commissural growth cones and the floor plate are involved in these pathfinding decisions.
The aim of the present study was to identify some of the molecules that mediate these contact-dependent pathfinding decisions. The main finding is that the in vivo perturbation of two members of the Ig/FNIII family of CAMs, namely axonin-1 and Nr-CAM, resulted in substantial pathfinding errors. Interfering with either axonin-1 or Nr-CAM produced the same types of errors, a failure to enter the floor plate and an erroneous turn on the ipsilateral side. Thus, injections of soluble axonin-1, anti-axonin-1, and anti-Nr-CAM antibodies, all of which would interfere with this interaction at the floor plate, resulted in pathfinding errors. In contrast, anti-Ng-CAM antibodies, which would not be expected to block this interaction, did not affect growth cone guidance across the floor plate.
(b) Two commissural axons, which could fasciculate via both Ng-CAM-Ng-CAM and Ng-CAM-axonin-1 interactions. We found a defasciculation of the commissural neurites after injections of soluble axonin-1, anti-axonin-1, or anti-Ng-CAM, all of which would interfere with one or both of these interactions mediating fasciculation. As would be expected, anti-Nr-CAM antibodies did not affect fasciculation until later developmental stages, when Nr-CAM was also expressed on commissural axons.
Thus, we suggest that a heterophilic interaction between axonin-1 on the growth cone and Nr-CAM on the floor plate facilitates the normal guidance of the commissural axons across the midline (Figure 8a ). This is supported by the in vitro observation that axonin-1 and Nr-CAM can indeed interact heterophilically (Suter et al., submitted) . However, at this time we cannot exclude other possibilities, such as each of these molecules interacting with other, as yet uncharacterized, binding partners. While interfering with either axonin-1 or Nr-CAM produced substantial errors, they never exceeded 50%. This may be explained by the inability of the intermittently injected antibodies to bind effectively all the molecules against which they were directed, and thus, they would not block the interaction between the binding partners continuously. Another possibility is that there are subclasses of commissural neurons and that only some utilize axonin-l-Nr-CAM interactions to cross the floor plate. However, all of the commissural neurons assayed in the perturbation experiments appear to express axonin-l. Finally, guidance across the floor plate may involve multiple guidance signals, so that interfering with only one, the axonin-l-Nr-CAM interaction, does not block appropriate guidance, but rather makes it statistically less likely.
Interfering with Ng-CAM caused a defasciculation of commissural axons on both sides of the floor plate but, in contrast to the effect of blocking axonin-1 or Nr-CAM interactions, did not cause path$inding errors (Figure 8b ). This finding provides additional evidence that the method used was suitable for studying the consequences of perturbing individual CAM-CAM interactions, because interfering with a specific CAM-CAM interaction affected only certain aspects of commissural neurite growth. Thus, heterophilic interactions between axonin-1 and Nr-CAM appear to be involved in pathfinc~ing, whereas heterophilic interactions between axonin-1 and Ng-CAM (as well as homophilic Ng-CAM-Ng-CAM interactions) are involved in the bundling or fasciculation of the axons.
These conclusions are subject to the qualification that an injected antibody, such as anti-Ng-CAM, is able to block all functions of the molecule against which it is directed. For example, some regions of Ng-CAM that are important for pathfinding might be less antigenic. While the use of a polyclonal antibody, as in th~ present study, makes it probable that epitopes involved in both fasciculation and pathfinding have been blocked, the complete absence of the molecule would be necessa~'y to conclude unambiguously that Ng-CAM is not required for accurate pathfinding.
Because growth cones in anti-Ng-CAM-treated embryos found their way across the floor plate--even though they approached the ventral border of the spinal cord from a much more lateral position than in control embryos and without the gu idance provided by fasciculation with earlier fibers--all commissural growth cones seem to be attracted toward the floor plate individually. They are apparently all capable of responding Co the chemotropic effect of the floor plate. Whether all are responding to netrin-1 is not yet certain. However, since the expression of netrin-1 continues during all stages of commissural growth ), it appears likely that netrin-1 can attract both pioneer and following growth cones.
Because most growth cones turned into the longitudinal axis even when they failed to cross the floor plate (i.e., after axonin-1 and Nr-CAM perturbation), we conclude that signals instructing them to do so must differ from those guiding them across the floor plate. Nevertheless, the floor plate is also likely to play a role in causing this turn, since in the absence of the floor plate in the Danforth short-tail mouse mutant, many commissural axons failed to turn into the longitudinal axis (Bovolenta and Dodd, 1991) . While we occasionally observed this type of error, the dominant effect of perturbing axonin-1 or Nr-CAM was to cause axons to turn aberrantly on the ipsilateral side of the floor plate. What can explain this type of error? In a recent review, Colamarino and Tessier-Lavigne (1995) discuss various models for commissural axon guidance. Below, we will briefly describe two general models that are both consistent with our observations.
Possible Models for the Guidance of Commissural Axons across the Midline
The first model is based on the premise that the floor plate is more attractive to commissural growth cones than adjacent regions of the spinal cord. As commissural axons first contact the floor plate at right angles to its longitudinal axis, they would continue to grow forward into the floor plate to maximize their contact with this favorable substratum. Upon reaching the contralateral border of the floor plate, the growth cones would then prefer to turn to maintain contact with the floor plate, rather than continuing to grow straight onto a less favorable substratum. Once growing in the longitudinal direction, cytoskeletal constraints and fasciculation with longitudinal fiber tracts could prevent them from crossing back across the floor plate.
We suggest that interactions between axonin-1 and Nr-CAM induce commissural growth cones to enter the floor plate. In their absence, the floor plate may be less attractive or even inhibitory. Thus, after perturbation of axonin-1-Nr-CAM interactions, the axons would be forced to turn ipsilaterally in order to continue growing. Recent studies in Drosophila melanogaster indicate that proper pathfinding may involve a complex balancing of positive and negative signals (Nose et al., 1994) and that the midline appears to contain both types of signals (Seeger et al., 1993) . Our finding that growth cones appear to stall and pile up at the ipsilateral border prior to turning would be consistent with this hypothesis. It is also possible that there is a specific turn signal that is normally detected only at the contralateral border. Since the system is bilaterally symmetrical, the turn signal itself is likely to be present on both sides of the floor plate. However, a slight transient slowing down of the growth cones as they reach the contralateral border of the floor plate might normally make them susceptible to the signal only on that side. When growth cones are caused to stall at the ipsilateral border following perturbation of axonin-1 or Nr-CAM, they might respond to this signal erroneously on the ipsilateral side.
The second model requires some alteration of the commissural growth cones as they cross the floor plate, so that they respond to a turn signal on the contralateral side, which they had ignored on the ipsilateral side. In the rat the switch from TAG-1 (the rat homolog of axonin-1) to L1 expression has been postulated to serve this purpose . In the chicken embryo, axonin-1 and Ng-CAM were present on commissural axons on both sides of the floor plate. We cannot rule out that slight changes in expression levels occurred but were not detectable with immunostaining; however, a complete switch in expression may not be required. Rather, contact with the floor plate might trigger a transient rearrangement or clustering of CAMs locally on the growth cones, which would alter their response to extrinsic cues.
Support for such a scenario comes from in vitro observations of dorsal root ganglion neurons growing on different substrata (Stoeckli et al., submitted) . As growth cones crossed from laminin onto an axonin-1 or Ng-CAM substratum, there was a redistribution of both axonin-1 and Ng-CAM from the apical to the substratum-facing growth cone surface. This clustering of axonin-1 and Ng-CAM in the substratum-facing membrane of the growth cone was required for neurite growth on both axonin-1 and Ng-CAM substrata, since the prevention of cluster formation by enzymatically removing axonin-1 from the membrane blocked neurite growth. The removal of axonin-1 had no effect on a laminin substratum, where neurite growth is mediated by integrin receptors. These results suggest that a rearrangement of the molecules on their surface is important for the growth cones to interpret the instructions presented by the changing environment. As growth cones grew from a laminin onto an axonin-1 or Ng-CAM substratum, they changed their morphology and growth characteristics, concomitant with the rearrangement of their surface molecules. In the case of the commissural neurons, a change in the clustering of CAMs on the growth cone in response to contact with the floor plate could enable cells to read the guidance cues on the ipsi-and contralateral sides of the floor plate differently, so that turning occurs only after the floor plate has been crossed. Clustering has recently been shown to affect the interpretation of integrin-mediated signals (Miyamoto et al., 1995) .
In both models, the commissural axons would reach the floor plate in response to the long-range chemoattractant netrin-l. The turn on the contralateral border requires an additional guidance cue to make the axons project rostrally. It is conceivable that this is in response to a second long-range chemoattractant acting in the rostrocaudal axis. Alternatively, polarity information could be encoded in the surface of the floor plate itself. In the chick, commissural neurons contained within pieces of neural tube that had been rotated 180 ° around the rostrocaudal axis still grew rostrally in the embryo (¥aginuma and Oppenheim, 1991) . However, it is possible that these rotated pieces of spinal cord had become respecified with respect to rostrocaudal polarity information. The present study indicates that interfering with the interactions between commissural axons and the floor plate via perturbation of axonin-1 and Nr-CAM degrades to some extent the ability of axons to respond correctly to this rostral turn signal.
Clearly there remain many open questions about how commissural axons make their pathfinding decisions. In vivo perturbation of other molecular interactions should provide a better understanding of this phenomenon. In addition, observing the precise behavior of commissural growth cones in slice preparations as well as monitoring any redistribution of cell surface molecules upon contact with the floor plate in culture should help in distinguishing between the different models presented.
Experimental Procedures
In Vivo Injections White leghorn chicken embryos staged according to Hamburger and Hamilton (1951) were used. Injections of antibodies or purified soluble proteins were made into the central canal of the spinal cord in ovo through a window made in the egg shell with a dental drill and sealed with a coverslip and paraffin. Glass electrodes with a broken tip 50 rim in diameter we re used for the injections, The embryos were injected every 8-12 hr for a total of 4-5 times between stages 17 and 24. To control the extent of the injection and the volume delivered, 0.04% Trypan Blue was added to the solutions. The injected volume was between 0.05 and 0.1 ILl each time. Antibodies or Fab fragments were used at a concentration of 20 mg/ml in Tyrode solution or 20 mM sodium phosphate (pH 7,4), since in previous studies it was determined that, owing to extensive dilution of the injected antibody solution in the embryo, this was equivalent to an effective in vitro concentration of approximately 1 mg/ml (Landmesser et al., 1988; Tang et al., 1994) . In some cases, the injected antibodies against axonin-1 or Ng-CAM were visualized 10-24 hr after the last injection, by staining frozen transverse sections of the embryo with a fluorescently labeled secondary antibody, confirming that the injected antibodies diffused through the spinal cord and actually reached the entire length of the commissural axons. Solutions of axonin-1 and transferrin were used at I rag/ ml, as lower concentrations had less or no effect on pathfinding. Transferrin was chosen as a control protein because it copurifies with axon in-1 during the first three of four chromatographic steps in the purification protocol for axonin-1 from vitreous fluid of 14-day-old chicken embryos (Ruegg et al., 1989a) . IgG fractions from antisera were prepared and digested to Fab fragments as described earlier . The anti-axonin-1 antibody used was raised in goat as described in Ruegg et al., 1989a ; the rabbit antibody against Ng-CAM was described previously (Landrnesser et al., 1988) . The antibodies against Nr-CAM (a generous gift of Dr. G. Elisabeth Pollerberg) were raised in rabbit against affinity-purified Nr-CAM as described by de la Rosa et al. (1990) .
Embryos were injected with antibodies against axonin-1 (n = 21), Ng-CAM (n = 21), or Nr-CAM (n = 26), or with purified soluble axonin-1 (n = 83). In addition to untreated embryos, 15 embryos injected with transferrin and 9 embryos injected with Fab fragments of nonimmune IgG were used as controls. Of the injected embryos, 98% survived and were used to analyze the trajectory of the ccmmissural neurons as described below.
Analysis of Commissural Trajectories
At stage 25, embryos were sacrificed and fixed in 3.7% formaldehyde in PBS. Vibratome sections (250 pro) of the lumbar region perpendicular to the spinal cord were cut and incubated at 4°C for 24-48 hr after injection of a Iipophilic dye at the site of the commissural neuron cell bodies (e.g., see Figures 4a-4c ). This stage was chosen for analysis because in control embryos all the neurons arising in this position are "commissural" and project in a well-defined pathway to the opposite side of the spinal cord, The neurons whose trajectories we have studied appear to correspond to the "dorsolateral border ceils" as defined by Oppenheim et al. (1988) . At later stages (27 and older), other neurons in the vicinity of the injection site project ipsilaterally in many directions and could therefore confound the analysis. The lipophilic dyes used were Fast Dil (1,1'-dilinoleyl-3,3,3',3"-tetramethylindocarbocyanine perchlorate) or DiASP (N-4-(4-dilinoleylaminostyryl)-N-methylpyridinium iodide; both obtained from Molecular Probes, Eugene, OR). Some embryos were analyzed as whole mounts (open book preparation). In these, the spinal cord was dissected out of the embryo, the roof plate plate was cut, and the cord was opened up and pinned down with the lateral surface of the cord facing down. Fixation and dye injection were done as described for the vibratome sections. Both vibratome sections and whole spinal cord preparations were mounted in PBS between coverslips and analyzed using fluorescence optics on a Nikon Microphot FX microscope.
Expression of CAMs in the Developing Spinal Cord
The expression of axonin-1, Ng-CAM, and Nr-CAM was examined during early spinal cord development. Polyclonal and monoclonal antibodies against axonin-1, Ng-CAM, Nr-CAM, and neurofilament proteins were used to stain 12 p.m thick frozen sections of chick embryonic spinal cords from stages 18-26. To ensure that we were studying the same population of commissural neurons whose path finding behavior was being assessed, only sections from the lumbar regions were used for staining. Antibodies used were polyclonal antibodies raised in goat against axonin-1 ( Ruegg et al., 1989a) , a monoclonal antibody against axonin-1 (kindly provided by Dr. Peter Sonderegger), rabbit antibodies against Ng-CAM (kindly provided by Dr. Urs Rutishauser; Landmesser et al,, 1988), a monoclonal antibody against Ng-CAM (8D9; a generous gift of Dr. Vance Lemmon arid McLoon, 1986) , and a rabbit antiserum against Nr-CAM (kindly provided by Dr. G. Elisabeth Pollerberg). Monoclonal antibodies used to stain neurofilaments were 1E9 (an IgM raised by Dr. Lynn Landmesser~ and RMO270(an IgG obtained from Dr. Virginia Lee).
Embryos were fixed in 3.7% formaldehyde in PBS for at least 2 hr and incubated in 25% sucrose at 4°C overnight for cryoprotection. The tissue was embedded in OCT and frozen in isopentane at less than -50°C. Sections (12 p.m) were cut on a Leica Cryocut 1800 cryostat. Sections were collected on gelatin-coated slides and stored at -20°C until they were stained. The sections were thawed, washed in PBS, incubated in 20 mM glycine in 0.1 M sodium phosphate (pH 7.4), rinsed again in PBS, and then incubated in blocking buffer (10% fetal calf serum in PBS) to prevent nonspecific antibody binding. The incubation with the first antibody was for 2 hr at room temperature. After consecutive rinses with PBS and blocking buffer, the sections were incubated with secondary antibodies labeled with fluerescein isothiocyanate or tetramethylrhodamine B isothiocyanate. Antibodies obtained from Sigma (St. Louis, MO) were goat anti-rabbit IgG-TRITC, rabbit anti-goat IgG-TRITC, goat anti-mouse IgG-FITC. Rabbit anti-mouse IgG-FITC was obtained from Zymed (South San Francisco, CA).
Western Blot Analysis
The antibodies used for in vivo injections were tested for crossreactivity by Western blot analysis. Purified axonin-1 (200 ng), purified Ng-CAM (200 ng), and solubilized proteins from brain membranes of 11-to 14-day-old chicken embryos (12 pg) were run on an SDS gel, blotted onto an Immobilion membrane (Millipore, Bedford, MA), and incubated with goat anti-axonin-1, rabbit anti-Ng-CAM, and rabbit antiNr-CAM, respectively (for details, see Stoeckli et al., 1991) .
Quantification of Commissural Axon Fasciculation
As commissural axons grow toward the floor plate, they become more tightly bundled. To provide some quantitation of the extent of this bundling (fasciculation), the width of the ipsilateral trajectory was measured at a specific point (Figure 4 , arrowheads) in Dil-or DiASP-labeled transverse vibratome slices. The width was measu red with an Argus-10 Image Processor (Hamamatsu Photonics, Bridgewater, N J)from negatives entered via a video camera. To normalize for variations in size, the width was expressed as a ratio of the diameter of the ipsilaterat spinal cord. The ratios between commissural tract and spinal cord width were subjected to Student's t test (p < .001) to test for significance of the differences determined between experimental and control embryos.
Quantification of Projection Errors
Although it was impossible actually to count the number of fibers elongating along the floor plate borders and calculate the proportion of misprojection, we used Dil-injected whole-mount (open book) preparations of spinal cords to estimate the proportion of ipsilateral versus contralateral fibers. The embryos were divided into three classes, in which <1%, 1%-20%, and >20% of the fibers failed to cross the midline and therefore contributed to the ipsilateral fiber tract. The classification was based on the proportion of labeled fibers seen growing along the ipsilateral border: if no fibers or only one or two were seen, the score was <1%; if the number of fibers growing along both ipsilateral and contralateral floor plate borders seemed almost equal, the error rate was considered >20%; all other samples were scored as 1%-20%. The results are given in Table 1 . Since it was more difficult to estimate the proportion of errors in the embryos analyzed in transverse vibratome sections, we did not classify these embryos into different groups and simply give the proportion of embryos showing pathfinding errors (last column in Table 1 ).
While it was relatively easy to estimate the proportion of fibers that turned ipsilaterally or contralaterally, the method we used did not allow for acurate estimation of the ratio of fibers that made errors by turning caudally. This was because most of the open book preparations had multiple dye injection sites along the rostrocaudal axis, making it sometimes difficult to separate the populations turning rostrally and caudally from adjacent dye injection sites. Therefore, we refrained from quantifying this type of pathfinding error.
